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1976. -During the antarctic winter emperor penguins (Aptenodytes forsteri) spend up to four mo fasting while they breed at rookeries 80 km or more from the sea, huddling close together in the cold. This breeding cycle makes exceptional demands on their energy reserves, and we therefore studied their thermoregulation and locomotion. Rates of metabolism were measured in five birds (mean body mass, 23.37 kg) at ambient temperatures ranging from 25 to -47°C. Between 20 and -10°C the metabolic rate (standard metabolic rate (SMR)) remained nearly constant, about 42.9 W. Below -1OOC metabolic rate increased linearly with decreasing ambient temperature and at -47OC it was 70% above the SMR. Mean thermal conductance below -10°C was 1.57 W m-2 OC-' . Metabol' rc rate during treadmill walking increased linearly with increasing speed. Our data suggest that walking 200 km (from the sea to the rookery and back) requires less than 15% of the energy reserves of a breeding male emperor penguin initially weighing 35 kg. The high energy requirement for thermoregulation (about 85%) would, in the absence of huddling, probably exceed the total energy reserves. winter. The ecology and natural history of these birds have been well documented (21, 39, 46, 50) , but with few exceptions their physiology has been less well studied (18, 31, 36, 37) .
In mid-March, as winter approaches, emperor penguins leave the sea and walk over newly frozen sea ice to the rookery, which is generally situated on the sea ice where it abuts the permanent ice shelf or continental landmass (6). The distance they walk from the sea to the rookery may be between 50 and 120 km (7). At the rookery the birds court and copulate, and during the first half of May each breeding female lays a single egg. Her mate collects the egg, which he places on his feet and envelops in his brood pouch. The female is then free to return to the sea.
The males are entirely responsible for incubation, which lasts between 62 and 66 days (39). The mean air temperature during this period may be as low as -28°C (22). While incubating, the males spend much of their time huddling together in groups that may number several thousand individuals (13, 39) . The eggs hatch during the first 2 wk of July. The female usually returns to the rookery about this time with a stomach of food for the chick, but if she is delayed the male is capable of feeding the chick its first few meals with an esophageal secretion similar to pigeon milk (41).
After transferring the chick to his mate, the male walks back to the sea. The distance covered may now be considerably greater than at the beginning of the season because new ice forms as the winter progresses, and the round trip distance may exceed 200 km. After feeding, the male returns to the rookery, and both parents now begin to walk back and forth between the sea and the rookery carrying food for the chick. This shuttle service continues for about 6 mo until the chick is fledged in late December.
Emperor penguins can feed only while at sea and, therefore, must fast from the moment they leave the water to migrate to the rookery until they return to the sea. For the males this period may exceed 115 days (21). The female, playing no part in incubation, goes without food for a considerably shorter period than the male. To sustain themselves during the long fast, emperior penguins have large deposits of subcutaneous and peritoneal fat, and by the end of the season they have lost up to 40% of their starting body mass (30).
Two obvious questions arise from this sequence of events. First, from an energy point of view, how do emperor penguins cope with the long fast in the cold and a 200-km walk? Second, why do they breed during the winter?
The present investigation deals with the first question, and we present data quantifying the demands made by thermoregulation and locomotion on the energy reserves of emperor penguins. The study was divided into two parts. The first, to investigate the relation of metabolic rate and thermal conductance in emperor penguins to a wide range of ambient (air) temperatures, and the second, to measure the energetic cost of locomotion in these birds. Four were taught to walk on the treadmill and were fed daily. Two of these birds were subsequently used for the metabolic response experiments and were not fed for the 2 wk duration of those experiments. The remaining six birds were used to measure the decrease in body mass during fasting. During the 1974-75 season three birds were used for the metabolic response experiments.
They were fed between experiments. All birds were released in apparently good health near the site of their capture. Sex was not determined.
Units, terms, and accuracy. The International System of Units (33) has been used throughout this paper. Where necessary, data and equations from the literature have been converted to units appropriate to this system.
The word "specific" before the name of a physical quantity, meaning "divided by mass", is used as recommended by the Symbols Committee of the Royal Society (47). For expressions of uncertainties in the measuring processes we follow the recommendations of Eisenhart (17) and Ku (28, 29 Chamber and treadmiLL. Oxygen consumption was calculated from measurements made while birds either stood in a metabolic chamber or walked on a treadmill.
The metabolic chamber was built of 7.6-cm thick urethan foam bonded between sheet aluminum. It was divided into two sections by a perforated masonite board. The upper section contained the refrigeration unit heat-exchange coil, two heating elements, and a fan. The lower section (the working chamber) was 0.91 x 0.76 m by 1.32 m high. Air was circulated in the lower section by the fan. In the side of the chamber there were two double-glazed observation ports that were normally kept covered.
Temperature in the chamber was regulated by using a modified Athena model 50 proportional temperature controller to vary the output of the two heating elements while the refrigeration unit ran continuously. In this manner temperature could be varied between -50 and 30°C and could be held constant (kO.5"C) for days at a time.
During experiments in the chamber the birds stood in a cage built of Dexion angle aluminum and hardware cloth. In order for the excreta to be collected, they stood on an epoxy-coated grid over a removable stainless steel oil pan that fitted the floor of the cage. SAE 10 W arctic motor oil was used at low temperatures since it would remain liquid to below -20°C. At temperatures lower than -20°C the excreta would melt into the very viscous oil. At temperatures above 0°C either SAE 30 W motor oil or mineral oil was used in the pan. Condensation of atmospheric moisture on both cage and pan during weighing was found to be negligible. To keep emissivity of the chamber walls as close to unity as possible and thereby avoid the complications caused by reflected thermal radiation (38), the walls were lined with black cloth overlaid with burlap. The mean ratio of the animals' surface area to the surface area of the experimental section of the chamber was about 0.1. Between measurement periods the chamber door was open for as little time as possible. The chamber would return to the experimental temperature within 15 min of the door's being closed.
For the studies of locomotion the emperor penguins were trained to walk on a treadmill (Collins model P2075HA).
The tread was driven by a variable-speed motor that maintained constant set speeds. Tread speed was calculated from tread length and from the time elapsed for a counted number of revolutions. Systematic error and imprecision were both less than 1% of any measured speed.
Gas analysis system. The gas analysis system used is shown diagrammatically in Fig. 1 . The birds were trained to wear latex masks so that all their expired air could be captured while they either sat in the metabolic chamber or walked on the treadmill. Air was pulled through the system by a commercial vacuum cleaner. The masks were tested for loss of expired air as described by Tucker (48) . No leaks were detected at the flow rates used for measurement.
Gas flow rates were measured with rotameter-type flow meters that were calibrated with Brooks Vol-UMeters. Flow was set by regulating the aperture of an inlet on the exhaust side of the flow meter, and air pressures on that side was adjusted to between 0.5 and 1.5 mmHg below ambient air pressure. The reading of a rotameter depends on the density of the gas used and, therefore, on its pressure and temperature.
During cali- The CO, analyzer was calibrated each day by bleeding CO, at known flow rates into a stream of atmospheric air of known flow rate drawn in from outside. A linear regression equation was calculated to relate fractional concentration of CO, and the deflections produced on the chart recorder. Fractional concentration of CO, in the air coming from the animal could then be calculated using this equation.
Oxygen consumption (Vo,), taking CO2 production into account, was calculated using equation 1 of Pappenheimer (35) . Vo, could be measured with a maximum propagated systematic error of 5%. Imprecision was estimated to be 4% or less. The energy equivalent of 1 liter of 0, was assumed to be 20.08 kJ. Air temperature in the chamber (ambient temperature) was measured by thermocouples that were suspended midway between the bird and the wall or ceiling of the chamber and were shielded from the bird.
Evaporative water loss. Evaporative water loss was measured gravimetrically.
Birds were weighed with a magnetically damped beam balance modified after 905 Krogh and Trolle (27) that had a systematic error of 0.0025 kg. Excreta were caught in a pan of oil placed under the grid on which the birds stood. The pan was weighed with an Ohaus model 119D beam balance that had a systematic error of 0.001 kg. Imprecision of both balances was less than 0.1% of any measured value.
Evaporative water loss was calculated from the equation change in body mass = mass of 0, consumed -(mass of water lost by evaporation + mass of (1) excreta + mass of CO, produced)
The equation follows from the law of conservation of matter.
Surface area. When standing still in the cold, an emperor penguin usually supports itself on a tripod consisting of its intratarsal joints ("heels") and tail. The penguin pulls in its head, holds its wings flush with its sides and tucks its toes into its lower abdominal feathers. Viewed frontally or in profile the bird is elliptical; viewed from above the bird is circular. By adopting this posture an emperor penguin exposes only its feathered surface, beak, and soles of feet to the environment.
It is, therefore, this surface that is relevant to the calculation of thermal conductance.
The geometric form that a standing emperor penguin most closely resembles is a prolate spheroid; penguin surface areas were therefore computed using the equation A t, = 2nr,' + 2~ T,r., p (2) E where Ab = surface area 7-1 = major semi-axis r2 = minor semi-axis E = eccentricity = (r,2 -r22)1/2 P = sin-l E, E in rad To calculate rl and r2, measurements were made of the birds' height and largest girth.
Experimental procedures.
The procedure used for measurements of metabolic response to ambient temperature in emperor penguins was as follows. Prior to an experiment the bird involved was fasted for a minimum of 60 h. To assure steady-state conditions the bird was kept at the selected experimental temperature for at least 12 h. Simultaneous measurements were then made of oxygen consumption, carbon dioxide production, and of cloaca1 and environmental temperature during three or four 2-h periods. Body mass was measured at the beginning and end of each measurement period. Upon completion of the final measurement period linear dimensions of the bird were measured. The chamber was kept dark during experiments.
All measurements were made between 0600 and 1700 McMurdo time.
In general birds would remain calm for the duration of an experiment and stand quietly in the chamber. There were, however, instances when a bird would move around a great deal, attempt to climb out of the PINSHOW, FEDAK, BATTLES, AND SCHMIDT-NIELSEN cage, or simply shuck off the mask. In such cases the they did not seem disturbed by the cold. Our failure to data were discarded. make measurements at still colder temperatures was Oxygen consumption during walking was measured due to technical rather than biological problems. over the full range of speeds that the birds would
The linear regression equations for the relation of maintain for at least 20 min. Data were used only metabolic rate to ambient temperature for the above when the bird was observed to be walking steadily and two ranges are given in Table 1 , A. The lines for the the measured Fo, was nearly constant. No attempt was two equations intersect at -10.5"C. Therefore, we conmade to match the air speed past the bird to tread speed (19). Emperor penguins walked at ambient tem- 20°C both body temperature and metabolic rate increased, and the birds were restless and appeared to be stressed. At ambient temperatures between 20 and -10°C metabolic rate remained relatively constant (mean, 42.87 W, SD, 3.69, n, 52). We consider this temperature range to be the thermoneutral zone and the metabolic rate to be the standard metabolic rate sider the lower critical temperature to be about -1OOC (Fig. 2) .
Although there may be no clear breakpoint in the relation of an animal's metabolic rate to ambient temperature (see DISCUSSION) it is convenient, for the purpose of comparison, to express the data with two leastsquares linear regression lines, as has been done above-one line for the relation between metabolic rate (MR) and ambient temperature (T,) in the thermoneutral zone, and one line for the relation between MR and T, below the lower critical temperature (T,). If one chooses to display the data in this manner, one must decide which data to use for the calculation of each line. Often this is done by inspection, but a standardized and statistically satisfactory procedure is to be preferred.
We proceeded as follows. A range of temperatures was chosen that was broad enough to clearly include the lower critical temperature. The data points were then divided into two groups, an upper temperature group and a lower temperature group, and the corresponding pair of linear regression lines and their pooled mean square (PMS)' were calculated. This process was repeated for all possible divisions of the data within the chosen range of temperatures.
The intersect of the two regression lines that had the smallest PMS was considered to be the lower critical temperature.
Mean respiratory quotient (RQ) (rate of CO, production/rate of 0, comsumption) for all measurements of metabolic rate was 0.73 (SD, 0.09, n, 171).
Body temperature. Cloaca1 (body) temperature in individual birds was found to vary little over the range of experimental ambient temperatures (20 to -47°C). Also, little variation among the birds was observed. The mean body temperatures (T,) for five birds were I) $,, 37.6"C; SD, 0.3; n, 17 2) Tb, 380°C; SD, 0.3; n, 17 3) $,, 372°C; SD, 0.3; n, 39 4) '$,, 37.8"C; SD, 0.3; n, 43 5) Tb, 380°C; SD, 0.3; n, 40
The overall mean for all five birds was 37.8"C (SD, 0.3; n, 156). This value is lower than the range of values reported by Boyd and Sladen (5) Fig. 3 . Between -47 and 20°C water lost by evaporation varied between 0.5 and 15 g h-l (mean, 5.85 g h-l; SD, 3.35; n, 123). Above 20°C evaporative water loss increased, and at 25°C for one bird it was 28.44 g h-l, which is almost 5 times the mean rate. For the calculation of thermal conductance, which follows, it was as-' PMS = (RSS, + RSS,)/(df, + df& where RSS = residual sum of squares; df = degrees of freedom of the RSS; and subscripts 1 and 2 refer to the two lines involved. Assuming that body surface area is related to body mass by Ab = k m"-GG7 (after Meeh, 1894, quoted in Kleiber (25)) a value for k was calculated for each penguin. The mean k, 0.065 (SD, O.OOl), was then used to estimate, from their body mass, the surface area of the two penguins used in the 1973-74 season. The estimated values of surface area were used in conductance calculations for these two birds.
The surface areas we calculated are somewhat smaller than those given by Le Maho et al. (32). They measured the body surface areas of five dead, unplucked emperor penguins by planimetry and found a mean of 0.64 m2 (SD, 0.5). The mean body mass of these birds was 23.96 kg (SD, 4.57), three of the birds being over 25 kg. Their measurements included the beak and feet.
Thermal conductance. Thermal conductance was calculated using the equation from Dawson and SchmidtNielsen (15). Between -47 and -1OOC thermal conductante remained essentially unchanged at 1.57 W rns2 OC+ (SD, 0.23; n = 73) (Fig. 4) . From -10 to 25OC thermal cond uctan ce increa .sed with i ncreasing ambient tempera ture. The highest observed thermal conductance was 4.90 W rnw2 'C-l at an ambient temperature of 25°C. This is about 3 times the lowest thermal conductance measured in the same bird at -15°C.
Decrease in body mass during fasting. Decrease in body mass was measured in six emperor penguins. They were weighed 4 days after capture (mean starting mass, 26.21 kg; SD, 2.41). For 19 days they were retained in a 4 x 5 m enclosure and fresh snow was supplied daily. The weather during this period was mild, with air tempera- Energy cost of walking.
The relation between specific metabolic rate and walking speed in the emperor penguins is plotted in Fig. 5 . The specific metabolic rate was found to increase linearly with increasing walking speed over the range of speeds that the birds maintained for 20 min or more. The mean resting specific metabolic rate was 1.81 W kg-* (SD, 0.25; n = 27). This was determined while the birds stood quietly on the stationary tread. The birds had not been fasting and were in a brightly lit room.
From Fig. 4 it is possible to obtain two quantities: a) the specific energy cost of transport (E,), and b) the change in metabolic rate with a change in walking speed, which is the slope of the regression line (E,) (19).
The specific energy cost of transport is the energy used perunit body mass while walking 1 m at a particular speed, e.g., for emperor penguin with a mass of 20.80 kg walking at 0.56 m s-l, the specific energy cost of transport would be 7.33 W kg-l divided by 0.56 m s-l, or 13.09 J kg-* m-l. The slope of the regression line (E, = 8.52 J kg-' rn-'> has the same units as the cost of transport but its value remains constant regardless of speed. The usefulness of the quantity E, for comparing the energetics of locomotion in different animals has been pointed out (43). DISCUSSION PINSHOW, FEDAK, BATTLES, AND SCHMIDT-NIELSEN regression line extrapolates to a value of T, equivalent to body temperature at MR = 0. The usefulness of this scheme is that one can make interspecific comparisons, e.g., one can identify a lower critical temperature from the intersection of regression lines. However, care should be taken when making such comparisons.
As pointed out by King (24) and Calder and King (11) the transition region of critical temperature is probably curvilinear rather than abrupt, and the concept of a single critical temperature is therefore an oversimplification. Also, for some birds the extrapolated T, at MR = 0 differs widely from the temperature predicted on the basis of the Scholander model (e.g., 12, 20).
With the above reservations in mind, it appears from the data presented ( Fig. 2 and Table 1 , A) that the metabolic response to ambient temperature in emperor penguins conforms reasonably well to the Scholander model. The relationship between metabolic rate and ambient temperature below the lower critical temperature can be regarded as linear and the regression line extrapolates to 40.3"C at MR = 0, which is close to the mean measured Tt, of 37.8"C.
Another useful method of making interspecific comparisons among animals is through the use of allometric equations. Calder (10) In recent years there has been much discussion concerning the use of the physical model for homeothermy developed by Scholander et al. (44) (e.g., 3, 9, 12, 25, 26) .
This model assumes a) that there is a linear relationship between metabolic rate and ambient tern .perature below the lower critical temperature, and b) that the (4) with units as above. The standard metabolic rates predicted for a 23.37 kg bird (mean mass of the emperor penguins used in this study) by these two equations are 37.0 W and 43.87 W, respectively.
The former predicted value is 14% smaller than the standard metabolic rate of 42.87 W measured for emperor penguins in this study, whereas the latter predicted values is about equal to the measured value.
In comparing our data with those of Le Maho et al. (32) some striking differences are apparent (Fig. 2) . The value of the slope of the line relating MR to T, below the T, as measured for emperor penguins by Le Maho et al. is 1.7 times that measured in this study. The variances about the two lines are unequal (Bartlett's test: x2, 9.14; P < O.Ol), the slopes differ significantly (Fl,lgl = 10.55; P < 0.01); and the elevations differ significantly (F,,,,, = 121; P < 0.01). Also the mean resting MR measured by Le Maho et al. (in the thermoneutral zone) is significantly different (14% greater) from the SMR measured in this study (tgg = 5.77; P < 0.01).
These differences are not very surprising and may be attributed to a variety of causes. The present study was conducted in a laboratory situation, whereas Le Maho et al. made all their measurements on birds that stood outdoors, under field conditions, during experiments. The birds used by those investigators were exposed to radiation temperatures that might differ markedly from the measured air temperatures.
Also, the birds used by them stood on ice duri ng experimen .ts, and, therefore, might have lost more heat through conduct ion to the substrate then the birds we used, which stood on an epoxy-coated steel grid. The birds used by Le Maho et al. were acclimatized to the conditions under which measurement took place, whereas the birds used in the present study were all acclimatized to summer conditions and only exposed to the experimental conditions for 12 h prior to measurement.
Their birds were of significantly larger mass (mean, 25.09 kg; SD, 3.14; n = 15) than the birds used in the present study (mean, 23.37 kg; SD, 2.31; n, = 52) (ts5 = 3.54, P < 0.01). The birds of Le Maho et al. were fasted for the entire duration of experiments, and, therefore, underwent marked decrease in body mass; our birds either fasted for a relatively short period or were fed between experiments. The different types of masks used in th .e two studies might have had different effects on heat loss from the bird's head, and, in addition, Le Maho et al. used a semirestraining device while we did not. Finally, stress caused to the birds by the different techniques might have affected the metabolic measurements differently. Thermal conductance.
To evaluate the rate of heat flow between an animal and the environment it is often useful to consider heat transfer in terms of thermal conductance, which is an expression of the sum of heat losses or gains through convection, conduction, and radiation.
A difficulty in comparing thermal conductances in different species is that one of the parameters called for in the calculation is surface area. Surface area is almost never measured directly.
For birds it is traditionally calculated using an allomertric equation known as Meeh's formula:
where Ah = surface area in square meters and m = body mass in kilograms (Meeh, 1897, quoted from Kleiber (25)). Benedict (2) supplied a value of k = 0.1 for birds. Drent and Stonehouse (16) have demonstrated that for many birds the surface area predicted by the Meeh equation, using k = 0.1, is a close approximation to that measured from skins by various techniques.
They do, however, point out that penguins were not used in their study and ". . . penguins must be as far removed from the standard configuration as is any bird." Use of the Meeh formula, with k = 0.1, to predict the surface area of a 23.37-kg bird gives a value of 0.82 m2. This is 55% greater than the 0.53 m2 we estimated for a 23.37-kg emperor penguin using k = 0.065. 3.87 kg), for which they measured 0.94 W m-" OC+. This is some 40% lower than the 1.57 W rn+ 'C-l calculated here for the emperor penguin. Despite their statement to the effect that penguins are not shaped like the birds from which K = 0.1 was derived, Drent and Stonehouse used this constant in the Meeh equation to predict the surface area of the Peruvian penguin. The surface area of a 3.87kg bird, according to the Meeh equation, is 0.25 m2. If one assumes that the Peruvian penguin is isometric with the emperor penguin, and if one uses the K value of 0.065 estimated for the emperor penguin, then a 3.87kg penguin would have a surface area of 0.16 m? Thermal conductance for the Peruvian penguin, using this estimate for surface area, would be 1.47 rn-" 'C-l, an estimate 56% greater than the 0.94 W rn+ O C-l computed by Drent and Stonehouse.
According to modeZ 1 it would cost an emperor penguin 1. The first model assumes that the energy cost of walking for an emperor penguin remains constant while body mass changes. The second model assumes that the energy cost of walking is proportional to body mass. The "true" cost is likely to fall between the values calculated by the two models. 
where rn((,) is the penguin's mass at the beginning of the walk, and rnttJ its mass after walking for time t. If At is the total duration of the walk, then Am, the total mass loss in At, is
According to modeZ 2, the cost for an emperor penguin, with an initial body mass of 35 kg, to walk 50 km to the rookery at 0.56 m s-l would be 0.61 kg of fat. Then, after a long fast, with its mass reduced by 40% to 21 kg it would cost the bird 1.08 kg of fat to walk 150 km back to the sea at the same speed. In total, it would cost 1.69 kg of fat to walk 200 km.
In both models the calculations are made for an emperor penguin that walks 200 km at constant speed (u,) of 0.56 m s-l (2 km h-l). This is a representative speed chosen on the basis of our treadmill data and our own subjective observations of birds walking in the wild. We are unaware of any reliable field measurements of emperor penguin walking speeds. It is assumed that all of the energy used for the walk is derived from the catabolism of fat and that the catabolized tissue has an energy density of 3.77 x lo7 J kg-l, similar to that of migrating birds (23, 42) . Thus, the mass loss per joule of energy produced, F, is 2.66 x lOAs kg.
When calculating the mass loss associated with the long walk we should also consider that an emperor penguin might leave the sea at the start of the breeding season with a stomach filled with fish (39), or that there might be cracks in the sea ice large enough for an emperor penguin to feed in on its way to and from the rookery. Furthermore, some of the energy required for the walk might be derived from the catabolism of substances other than fat (e.g., glycogen, protein) with energy densities different from that of fat.
In conclusion, the rate of decrease in body mass of emperor penguins reported in this study is in accord with previous investigators who have measured rates of mass decrease in these birds under a variety of circumstances (32, 39, 40) . Their findings can be summarized as follows: nonmolting emperor penguins, fasting during the summer, lose between 0.23 and 0.25 kg/day. During the winter, if separated from the rookery, males lose between 0.20 and 0.30 kg/day; however, huddling males may lose as little as 0.12 kg/day. lModeZ 1. It is assumed that the energy cost for an From these data we can calculate that a single isoemperor penguin to walk 1 m at a particular speed (et) is lated male emperor penguin would require about 25 kg independent of changes in body mass and, therefore, of tissue for a fast lasting 100 days. In addition, about remains constant. This whole-animal cost is calculated 1.5 kg of fat is needed for a 200-km walk. As a large from equation C in Table 1 (estimated from penguins penguin carries between 15 and 20 kg of tissue in rewith a mean body mass of 23.37 kg). Thus the total mass serve, the calculated energy requirement of a lone penlost (Am) during a walk of duration At would be: guin would exceed its reserves. It is apparent that col-lective thermoregulation through huddling is an important method of energy conservation for the incubating males. By huddling they reduce the surface area exposed to the environment.
Thus, the male emperor penguin can reduce its energy consumption considerably, to about 12 kg of tissue for the loo-day fast. It is therefore able, with some leeway, to complete the long fast as well as a ZOO-km walk. 
